Recent MESSENGER observations confirmed that Mercury is dominated by a disproportionally large iron-rich core, and also showed a surprisingly high content of a moderately volatile element K on the planet's surface. This latter observation challenges several popular models for the iron-rich composition of the planet that invoke extreme heating of the Mercury's surface. Here we examine mechanisms by which such high-density planets can form in the context of the Tidal Downsizing (TD) model, in which planet formation takes place inside massive gaseous fragments born by the self-gravitational instability in the outer cold disc. The fragments migrate inward and are tidally disrupted in the inner ∼1 au disc region. Grains settle inside the fragments into dense planetary-mass cores before the disruption of the fragments. The disruption leaves behind terrestrial-like proto-planets, which are all that remains after the gaseous component of the fragment is dispersed and accreted by the parent star. In our model for the proto-Mercury in particular, iron grains are assumed to have higher mechanical strength than silicate grains, and the strength of the latter varies depending on the temperature of the surrounding gas according to experimental data. We present two exploratory calculations that contrast grain sedimentation inside a relatively low temperature gas clump, T ≈ 700 K, where silicate grains are amorphous and thus 'weak', to that in a higher temperature clump, T ≈ 1200 K, where the silicates are sintered and 'strong'. In the weak silicate case, iron grains are found to sediment faster than the silicate grains due to their higher mechanical strength. An iron-dominant low-mass proto-planet is left behind in this scenario when the host fragment is destroyed by tides and the silicates are accreted (together with the gas) by the Sun. Since Mercury formation in this model occurs before Solar Nebula dispersal, volatile elements such as K could then be accreted from the Nebula on the surface of the planet, potentially explaining MESSENGER's observations. In the hotter strong silicate fragment, however, both silicates and iron sediment into the proto-cores. This leaves behind more massive ( 1 M ⊕ ) silicate-dominated planets. Comments on what this model implies for the massive cores of Uranus/Neptune and high-density exoplanets such as CoRot-7b, Kepler-10b and Kepler-36b are made.
Mercury (Lewis 1988) . Weidenschilling (1978) proposed instead that separation of materials occurs due to different densities of iron and silicate grains. These experience different drag forces from the gaseous nebula as a result. As noted by Benz et al. (2007) , however, the dynamics of turbulent gas in the protoplanetary disc is still a matter of current debate, and therefore it is not clear how dynamics of grains over several dynamical times translates into formation of planetesimals over time-scales ∼a million times longer.
In another scenario, Mercury is hit by one or more giant impacts that heat up the silicate mantle and remove most of it (e.g. Smith 1979; Benz, Slattery & Cameron 1988; Benz et al. 2007) . However, this model is now disfavoured in view of the recent MESSENGER observations (Peplowski et al. 2011 ) that discovered an unexpectedly high content of a moderately volatile element K on Mercury's surface. This rules out any high temperature fractionation models, such as Lewis (1972) and the giant impact scenario as the latter also generates immense amounts of heat.
Recent exoplanet observations show that planets less massive than ∼10 M ⊕ have a broad range of planet densities at the same planet mass (see fig. 9 in Lissauer et al. 2013 ). While some must have an admixture of volatiles, there are examples of planets that require Earth-like composition (e.g. Howard et al. 2013 ). The planet KOI 1843.03 is in a very tight, 4.2 h period orbit. Rappaport et al. (2013) show that Roche limit overflow constraints the mass and density of this planet to M p ∼ 0.5 M ⊕ and ρ p ∼ 7 g cm −3 , respectively. The authors find that this requires an iron-rich composition with silicates mass fraction not exceeding ∼30 per cent. We conclude from this that (a) the problem of varying iron to silicate ratio in the bulk composition of terrestrial-like planets is of a more universal interest than the Solar system only, and (b) the distance to the parent star cannot be the dominant effect regulating the composition of such planets as the observed exoplanets are closer to their stars than the Solar system's rocky planets by factors of 10 to a hundred, typically.
In this paper we attempt to address this problem in the context of a relatively recent Tidal Downsizing (TD) model for planet formation Nayakshin 2010a) . The model is a modernized version of much earlier ideas (Kuiper 1951; McCrea & Williams 1965; Boss 1998) . Based on both theoretical arguments and numerical simulations, self-gravitating gas clumps of several Jupiter masses, M J , form in massive gravitationally unstable protoplanetary discs (e.g. Gammie 2001; Rice, Lodato & Armitage 2005; Rafikov 2005; Durisen et al. 2007 ) at distances of tens to a few hundred au. and Nayakshin (2010a) proposed that the clumps migrate inward rapidly due to the exchange of angular momentum with the disc around them (see Baruteau, Meru & Paardekooper 2011) , whereas dust grains grow and sediment to the centre of these gas clumps, forming massive solid cores.
Exact initial conditions and especially further evolution of the gas fragments born in the disc are debatable and depend on a number of physical effects, with no current model able to take all of them into account at the same time (see Section 2.9 for discussion and references). Nevertheless, the initial masses of the clumps are expected to be in the range of ∼1 to ∼10 Jupiter masses (e.g. Forgan & Rice 2013) , and the clumps should initially follow the adiabatic relation defined by the properties of the 'first cores' (Larson 1969; Masunaga & Inutsuka 2000) . The clump initial sizes and temperatures are therefore in the range of a few to tens of au, and ∼100 to ∼1000 K, respectively, depending on the clump mass primarily (Nayakshin 2010b) . The lower mass fragments of less than a few Jupiter masses (that we investigate in this paper) are initially cool but contract and heat up to temperatures of order ∼1000 K within a few thousand to ∼10 5 yr, depending on grain opacity (Helled & Schubert 2008; Helled & Bodenheimer 2011) .
Simulations indeed confirm that the clumps migrate inward very rapidly, on a time-scale of ∼10 4 yr Baruteau et al. 2011) . When the clumps migrate into the region of the inner several au of the protoplanetary disc, their gaseous envelopes can be totally removed by stellar tides or by increased irradiation from the central star and the surrounding disc (Vazan & Helled 2012) , leaving behind terrestrial-like planetary cores. Although not directly relevant to this paper, we note that the giant planets can also be explained in the same general scheme. For these planets, the gaseous envelopes are only partially removed. Since their outer envelopes are grain-poor, the remnant gas planet is metal enriched, which may account (Nayakshin 2010a) for the metal-rich composition inferred for giant planets without recourse to the Core Accretion (CA) theory. A number of recent simulations support this scheme in general (Boley, Helled & Payne 2011; Michael, Durisen & Boley 2011; Machida, Inutsuka & Matsumoto 2011) , although there is a debate on whether and when gas fragment migration is quick enough (Stamatellos & Whitworth 2008; Zhu et al. 2012; Forgan & Rice 2013) . Nayakshin & Cha (2013) find that clumps more massive than ∼5-10 Jupiter masses appear to accrete gas from its surrounding cold outer disc too rapidly: 'runaway accretion' puts them into the brown dwarf regime, simultaneously slowing down their migration. Such clumps appear to form low mass secondary stars separated by tens of au from the primary, at least at the end of the simulations (Nayakshin & Cha 2013) .
One topic that has been barely touched so far is the chemical composition of the terrestrial-like planets and more massive solid cores formed via TD scheme for planet formation. ; Boley et al. (2011) found that gas fragments formed in the disc by gravitational instability could be more or less metalrich than their parent stars depending on the dynamics of grains in the protoplanetary disc. Nayakshin (2010b Nayakshin ( , 2011a ; Helled & Bodenheimer (2011) considered sedimentation of grains into the gas clump centres in some detail (see also earlier related work of Helled, Podolak & Kovetz 2008; Helled & Schubert 2008) . They found that only the substances locked into the grains refractory enough to withstand the heat of the surrounding gas clump can sediment; the rest are vaporized and join the gas phase dominated by molecular hydrogen. The latter is eventually removed from the planet -either accreted by the star or photo-evaporated in a wind.
In this paper we point out that the composition of TD-built planets may also depend on the mechanical strength of grain material since this has bearing on how quickly grains made of different materials can sediment to the centres of the gas clumps. In the toy model calculation presented below, we consider grain sedimentation in relatively hot gaseous clumps, e.g. T 700 K when water ices and organic grains would have been vaporized (see also Helled & Schubert 2008, on this point) . In the absence of these two major grain constituents, we focus on just two refractory grain components: silicate dust and pure Fe grains. This is appropriate for the rocky volatile-poor planets (such as the rocky planets of the Solar system) that we study here.
As discussed below in Sections 2.6.1 and 2.6.2, experiments show that silicate grains are mechanically weaker than pure Fe grains. Further, in our model the mechanical strength of silicate grains vary with temperature of the gas clump. This is based on the experimental results (see e.g. Beitz et al. 2011, and Section 2.6 .2) that mechanical strength of amorphous materials is orders of magnitude smaller than that for the same materials that were sintered (e.g. 'baked' in laboratory experiments), and are thus in a partially or fully crystalline form. For silicates, sintering is effective for temperatures greater than ∼950 K (Setoh et al. 2007 ) in laboratory conditions. In the model presented below, therefore, we consider two representative gas fragments, one with an initial central temperature of 700 K, and the other with 1200 K. The silicate grains in the cooler fragment are considered to be amorphous and hence have a lower mechanical strength than silicate grains in the hotter one. We refer to these two cases as 'weak' and 'strong' silicate grain regimes. In the weak grain case, we find that silicate grains sediment much slower than Fe grains, and are further broken up by collisions with Fe grains. The result of grain sedimentation in this case is formation of a low-mass (a small fraction of the Earth mass, M ⊕ ) core nearly entirely made of Fe. In the strong silicate case, however, silicate grains are larger and are not strongly affected by interactions with the Fe grains. A silicate-dominated planet of a higher mass results in this case.
This shows that there are not only thermal (e.g. grain vaporisation; cf. Helled & Schubert 2008) but also mechanical obstacles to grain sedimentation within the gaseous fragments. We propose that assembly of planet Mercury could have occurred in the weak silicates limit, whereas assembly of other terrestrial planets took place in the opposite limit. In this scenario the Earth and Venus would have formed inside hotter and (likely) somewhat more massive gas clumps than did Mercury. Our results also imply that the composition of terrestrial-like exoplanets formed in TD scenario can vary in a complicated manner that has little to do with the radial location of the planet (since the clumps migrate radially within the protoplanetary discs by significant factors while grain sedimentation processes studied here take place; see Nayakshin 2010a).
N U M E R I C A L A P P ROAC H

Hydrodynamics
Our overall approach is based on a 1D Lagrangian hydrodynamics code of Nayakshin (2010b Nayakshin ( , 2011a . Lagrangian (gas) mass coordinates define our radial mass grid, with logarithmically increasing mass bins. We use 50 radial bins in this paper; the results are weakly dependent on this choice. Classical radiative diffusion approximation in spherical symmetry, with allowance for convective energy transfer if convective instability sets in, is used to follow contraction of the gas clump. In Nayakshin (2010b Nayakshin ( , 2011a , the absorption opacity coefficient κ was parametrized as a power law in gas temperature. This now is changed to the opacities of Zhu, Hartmann & Gammie (2009) who take into account several grain species and their vaporization at respective temperatures, along with molecular, atomic and negative H ion opacities, important at higher temperatures. Since we work with very high density gas (as compared to interstellar medium), dust and gas temperatures are assumed equal.
The equations being solved are the standard hydrodynamical equations (see section 4 in Nayakshin 2010b) in spherically symmetric approximation. The radial equation of motion includes gas pressure gradient, gravity (due to gas and dust mass enclosed within a given radial zone, and gravity due to the core in the centre of the grid), and back reaction force from the dust. The dust grain dynamics is treated in the two-fluid approximation (cf. Section 2.2). In the calculations presented below, the clump is very close to the hydrostatic balance throughout the calculation, and the gas component evolves little. The dust component however evolves strongly through grain growth and settling.
The equation of state for the gas has been updated to include hydrogen molecules rotational and vibrational degrees of freedom (e.g. Boley et al. 2007) , and H 2 dissociation (cf. more technical detail in Nayakshin 2011b) and now also ionization of hydrogen atoms (although the latter process is not important for the parameter space studied here).
Our treatment of dust growth and sedimentation is rather simplified. Physically, grains are expected to have a distribution of sizes. For interstellar grains, good fits to the dust opacities inferred from observations imply that grains are distributed as a power law between a = 0.005 µm to a ∼ 1 µm (Mathis, Rumpl & Nordsieck 1977) , where a is grain's radius. Grains inside protoplanetary discs and inside the gas fragments we study are likely to span an even larger range in physical sizes due to grain growth (e.g. Dullemond & Dominik 2005) . It is prudent to assume that this grain size distribution is a function of location within the gas clump, as well as time. This is important not only for grain dynamics but also for local dust opacity which changes with the grain distribution (e.g. Laor & Draine 1993) . Unfortunately, a proper treatment of multiple chemical species of dust is very complicated and model-dependent (cf. the simpler single-dust component study of Helled & Bodenheimer 2011) .
Our approach to grain evolution is to assume that at every point inside the gas fragment, the grain distribution can be approximately divided into two components: the 'small' and the 'large' grains. Small grains are always present due to fragmentation of larger grains in collisions. We assume that the small grains are tightly bound to gas and do not sediment. The population of large grains is represented by a single size a and is allowed to move relatively to the gas at the terminal (sedimentation) velocity for the given size a. The size a should be considered as a typical size of the large grains and is allowed to evolve due to grain growth, fragmentation and vaporization as described below.
In Nayakshin (2010b Nayakshin ( , 2011a we only considered a single grain species, treated as a second fluid which was allowed to 'slip' past the gas at the terminal velocity (called 'sedimentation' velocity below) of the grains. Here we shall extend our treatment to two grain species -silicates and pure Fe -which shall be sufficient for the relatively high temperature regime we consider, since other major grain constituents, such as water ice and organics, cannot condense out into grains and are assumed to be in the gas phase.
Grain sedimentation dynamics
In each radial gas mass bin within the clump, there is a distribution of grain sizes, different for different grain species. Here we approximate this complicated situation by defining a i (R) as the average 'large' grain size of type i in radial bin defined by radius R. In our previous calculations of grain sedimentation, we also assumed that grain size is constant with R; here we relax this assumption and allow grain size to be a function of R.
Where possible, we drop index i on grain quantities such as the grain size to simplify notations below, keeping the index present only when considering terms arising due to cross-interaction of different grain species.
The approach we take for moving the grains across the Lagrangian gas mass shells is identical to that described in section 4.2.1 of Nayakshin (2010b) . That includes grain sedimentation and turbulent diffusion, a process that normally opposes concentration of grains into the inner gas mass shells, and controlled by a dimensionless diffusion coefficient α, set to α = 10 −3 here. For a spherical grain of size a and grain material density ρ a , sedimentation velocity inside of the gas clump (equation 41 in Nayakshin 2010b) is
where G is gravitational constant, c s is the isothermal sound speed in the gas, and λ = 1/(n H2 σ H ) is the mean free path of Hydrogen molecules, with n H2 = ρ/μ, where ρ is the gas density and μ = 2.45m p (m p is the proton's mass). Finally, σ H ≈ 10 −15 the collision cross-section (Whipple 1972; Rafikov 2004 ).
Core formation
Our previous simulations (Nayakshin 2011a) tested two approaches to the solid core formation. In the first, we did not allow the grains to move below the very first Lagrangian gas mass bin. In this case, as grains sediment to the centre of the cloud, the innermost Lagrangian mass bin eventually becomes dominated by the grains rather than gas. A self-gravitating instability of the grain component is then triggered because gas can no longer support the grains against gravity. The collapse leads to formation of a solid core in the centre of the cloud, immediately inside the first gas mass bin. This approach is numerically demanding since it is very difficult to resolve the innermost region of the gas clump properly while integrating the clump for ∼10 4 yr. Therefore, we follow the second approach of Nayakshin (2011a) to core formation (cf. his section 3.5), in which the grains that reached the innermost gas zone are allowed to fall through the zone into formally R = 0. In practice the mass of the grains that fall through the innermost zone is added (on the timescale given by the time it takes the grains to cross the innermost bin at the grains sedimentation velocity) to the mass of the solid core with density assumed to be equal to ρ core = 3 g cm −3 . The inner-facing boundary of the first radial zone is then set to the radius of the solid core calculated for the current mass of the latter. Note that the core's internal structure is unimportant for all of the runs presented in this paper because both core mass and luminosity are small in the sense that they do not strongly affect the structure of the gas fragment itself. This is fortunate since the internal structure of a 'hot', very rapidly assembled, core is an unsolved problem (cf. the uncertainties in the calculations of Lupu et al. 2014 , for a related problem of the widely hypothesized Moon-forming giant impact on the proto-Earth).
We further note in passing that the core's internal structure, its radius and luminosity are very important for more massive cores in the context of TD theory. Nayakshin, Helled & Boley (2014) show that high-mass cores are able to attract massive gas envelopes (or atmospheres) from within the surrounding gas fragment rather than from the surrounding disc as in the CA theory (e.g. Safronov 1972; Pollack et al. 1996; Alibert et al. 2005) . Just like in the CA theory, these atmospheres become self-gravitating and are unstable to collapse for core masses in the range of ∼10 to a few tens of M ⊕ , depending on core luminosity. This instability paves a way for a second, potentially very important, mode by which massive gas fragments born by disc instability can result in giant planets with massive solid cores. Such a planet formation scenario may exhibit a positive planet-metallicity correlation for giant planets, in contrast to the usual route to forming giant planets via radiative cooling and contraction of the gas fragments (e.g. Boss 1997).
Grain growth
To take into account grain growth, we use a very simple model (cf. Boss 1998; Nayakshin 2010b) that assumes 100 per cent efficiency of grain sticking when two grains collide as long as grain sedimentation velocity is significantly smaller than the maximum growth velocity, u max , which is a free parameter of the model (∼ a few m s −1 ). As explained earlier, realistically there is always a distribution of grain sizes at any location within the gas clump. We do not model directly the small grains which we assume to be tightly bound to gas via aerodynamic friction forces, so that their sedimentation velocity is set to zero everywhere. We do follow radial motion of a population of larger grains that 'run away' in their growth as following. Since sedimentation velocity u sed is a strong function of grain size, larger grains sediment faster, sweeping the smaller ones on the way. This is believed to result in sticking collisions if the relative velocity of the grains, dominated by the sedimentation velocity of the larger of the two colliding grains, is small enough (Blum & Wurm 2008) . In this approach, grain size increases due to sticking collisions at the rate
where ρ g is the grain mass density in the given radial zone (not to be confused with the material density of an individual grain, ρ a ), u sed is the sedimentation velocity and u Br is the Brownian motion velocity of the smallest grains that dominate grain relative velocities at small values of u sed (Dullemond & Dominik 2005) . The Brownian motion velocity,
3 , is a function of the grain size, and is larger for smaller grains. For the interstellar grain distribution of Mathis et al. (1977) , grain sizes vary from 0.005 µm to 1 µm. At a temperature of 700 K and grain density of 3.5 g cm −3 , a grain of size 0.05 µm (roughly the logarithmic mean in the above size distribution), u Br ≈ 10 cm s −1 . This is the value for u Br that we use throughout this paper. Clearly, this only roughly mimics the process of grain growth due to Brownian motion, but this is the best that can be done in the mean grain size approach of our paper (otherwise one has to implicitly evolve the grain size distribution, e.g. see Dullemond & Dominik 2005 , which we do not attempt here).
Numerical experiments showed that the Brownian motion mode of grain growth is only important for grains smaller than ∼ a fraction of 1 mm; for larger grains sedimentation velocity usually exceeds u Br , so that these larger grains grow at rates independent of the value assumed for u Br .
Grain vaporization
If surrounding gas temperature is sufficiently hot, grains vaporize. We follow the approach taken by a number of authors (e.g. Podolak, Pollack & Reynolds 1988) , in which the vaporization rate of a grain of mass m a = (4π/3)ρ a a 3 is (cf. Helled & Schubert 2008) 
where P vap is the vapour pressure for the given species of grains, and c i = √ k B T /μ i is the isothermal sound speed for the species, where μ i is the mean molecular weight (e.g. μ i ≈ 56m p for pure Fe grains, where m p is proton's mass). This yields
The vaporization pressure for the two materials studied is from Podolak et al. (1988) : log 10 P v = −20014/T + 12.509 for pure Fe and log 10 P v = −24605/T + 13.176 for silicate rocks, as appropriate for enstatite. The vaporization pressures above are given in units of dyn/cm 2 . We also tested a more sophisticated approach that accounts for the finite difference in the temperatures of the grains and gas surrounding them (cf. Podolak et al. 1988) . We found that for moderately small bodies a 10 cm, that dominate grain sedimentation in our calculations, the difference in vaporization rate is however negligible (unlike for km-sized planetesimals studied in the paper cited just above), so this effect is omitted in the calculations presented here.
Grain self-fragmentation
Collisions of grains at velocities larger than a certain threshold, which we shall call fragmentation velocity, u fr , lead to fragmentations more frequently than to grain sticking (Blum & Wurm 2008) . The collision outcome is statistical in nature, as the result depends on the exact shape of the colliding particles, the impact parameter of the collision, material defects, etc. We only mimic these complicated effects by defining the fragmentation velocity, u fr , as that yielding the specific kinetic energy of the collision, ∼u 
Grains sedimenting down with velocity larger than u fr are likely to fragment. To account for this, we define the grain self-collision time-scale (that is, for collisions between the grains of the same species):
where
is the number density of grains locally, and π a 2 is the cross-section for the collision. These collisions are fragmenting if u sed u fr , so we use the following ad hoc prescription: the grain size evolves due to self-collisions as
where x ≡ u sed /u fr , θ(x) = 0 for x < 1 and θ (x) = exp [− (x − 1)] otherwise. Function θ (x) smooths out the transition from nondestructive to destructive collisions as u sed transitions from u sed < u fr into the u sed > u fr regime. Using a sharp transition between the two regimes (an uninhibited growth for u sed < u fr and then complete destruction of grains for u sed > u fr ) is unphysical and is also undesirable for reasons of numerical stability. If grain vaporization is negligible, then the balance between grain growth and self-fragmentation controls the size of the grains. This approximate treatment of grain fragmentation is not likely to be improved by any other prescription. To improve grain treatment significantly one must model the evolution of the grain distribution explicitly (Dullemond & Dominik 2005; Helled & Bodenheimer 2011) , which is unfortunately well beyond our exploratory paper, as explained in Section 2.1. We now discuss Q * D for the two materials we study.
Fragmentation of pure Fe grains
Pure metallic iron is a very strong material. Okamoto, Arakawa & Hasegawa (2010) report that Q * D for iron targets of a few cm in size is as large as Q Fe ≈ 5 × 10 8 erg g −1 , which would yield fragmentation velocity as high as 300 m s −1 . This is probably an over-estimate for interstellar amorphous Fe grains but we lack data for it. Therefore we set u fr for Fe grains at 30 m s −1 in this paper. In practice we find that Fe grains are never limited by self-destructive collisions in our models because once the grains reach the size of ∼5-10 cm they sediment faster than they could grow much larger.
'Weak' and 'strong' silicates
We now consider the appropriate value for u fr for silicate grains. Leinhardt & Stewart (2009) provide a fit for Q * D , which in the strength-dominated regime is
where q b = 10 5 erg g −1 for weak ice and basalt and α = −0.4 (these results are similar to that of Wyatt & Dent 2002) . For targets in a few to ∼10 cm size range, the fragmentation velocity is then of the order 10 m s −1 . However, most experimental data for Q * D lie a factor of a few to a few tens times lower than the computed fit [e.g. closed circles in fig. 11 of Leinhardt & Stewart (2009)] , and the experiments on dust sticking also generally find that grains start to fragment in collisions faster than a few m/s for both silicate (Blum & Münch 1993; Blum & Wurm 2008; Beitz et al. 2011 ) and icy materials (Shimaki & Arakawa 2012) . Deckers & Teiser (2013) report first laboratory experiments on decimetre-sized dust agglomerates (the regime we are interested here), and found fragmentation velocities as small as 0.16 m s −1 . They comment that previous experiments on such 'large' bodies used chemically bond materials such as gypsum (e.g. Setoh et al. 2007 ), whereas Deckers & Teiser (2013) agglomerate is bound only by surface forces. We note that gypsum was obtained by sintering materials at a temperature of almost 1000 K (Setoh et al. 2007) .
To bracket the range of uncertainties here, below we treat q b as a free parameter of the model which realistically varies from the value q b = 10 5 for 'strong silicate' grains to q b = 5 × 10 3 erg g −1 for our 'weak material'. The fragmentation velocity then ranges from ∼2 to 10 m s −1 for our weakest and strongest silicates, respectively. We find that this range of q b is sufficiently large to demonstrate the main point of our work, e.g. that material strength plays a crucial role in the bulk composition of the resulting planets.
Cross-fragmentation of grains
Finally, we consider impacts of Fe grains on to the silicate grains. The latter are much weaker than the former, so could be potentially fragmented in such collisions. The colliding grains in this case are in general of different sizes, e.g. silicate grains could be much larger than Fe grains. The velocity difference between the two grain populations necessary for silicate grain fragmentation is found from
where m Fe and m si are the masses of pure iron and silicate grains [e.g. 
where θ(x) is the same function defined by equation (7), but x ≡ u/ u fr here. a si is the silicate grain size, and the collision time with Fe grains, t Fe is given by equation (6) but with the iron grain size, material and volume densities used. Note that this formulation properly reflects a possible situation in which iron grains are large but their volume density is low: the fragmentation of silicate grains by Fe grains is inefficient (slow) in this case because collisions between the species are infrequent.
Grain abundances
We broadly follow the grain composition model for protoplanetary discs presented in table 2 of Pollack et al. (1994) . The fractional mass of 'metals' (e.g. elements heavier than H and He) is ≈0.02 for solar abundance. Of this abundance, we assume that only half is in 'large' grains that we do study here; the small grains are assumed to be always present at some level due to fragmentations of larger grains. Note that this is similar to the case of protoplanetary discs, where observations require grains not only to grow but to fragment also to leave a sufficient dust opacity in small grains (Dullemond & Dominik 2005) .
Of the total grain mass (that is, 0.01 of the gas mass), 50 per cent and 25 per cent by weight are assumed to be water ice and organics, respectively, neither of which matter for this paper as these grains vaporize quickly for the temperatures considered and hence are uniformly mixed with the gas phase dominated by H2.
The remaining 25 per cent by weight are made up from silicates ('rocks') and pure iron grains. Since gas temperature in the bulk of our gas clumps exceeds 680 K, all the iron from troilite (FeS) is assumed to be released into the pure Fe grains. Therefore, the pure iron mass fraction is set to be 1/7 × 0.25 ≈ 0.035 of the total grain budget, or 3.5 × 10 −4 of the gas mass. The silicates ('rocks') are then 0.215 by mass of the grains (2.15 × 10 −3 of the gas). Furthermore, a fraction of silicate mass is Fe as well, since we assume, following Pollack et al. (1994) , that Fe/(Mg+Fe) mass ratio in silicates is 0.3.
For material density we use ρ a = 7.9 and 3.5 g cm −3 for Fe and silicates, respectively.
Initial conditions
It is currently not possible to produce a model-independent calculation for contraction and evolution of a gaseous clump born inside a gravitationally unstable disc for a variety of reasons. First of all, there is still a strong debate when exactly gravitationally unstable discs fragment (Stamatellos & Whitworth 2009; Meru & Bate 2011; Paardekooper 2012; Rice et al. 2014 , to name just a few) and what the masses and properties of the initial fragments are (Forgan & Rice 2011; Vorobyov, Zakhozhay & Dunham 2013) . Therefore, the exact initial state of fragments is unknown, although the entropy of the clumps is probably close to that of the 'first cores' introduced in star formation by Larson (1969) , since the radiative cooling time constraints on formation of these clumps are similar in both cases (Nayakshin 2010b) . The fragments can be further modified by additional mass accretion from the disc (Zhu et al. 2012) or mass loss due to stellar tides ). The internal state of the clumps is also strongly affected by stellar irradiation or the thermal bath effect due to the surrounding disc (e.g. Cameron, Decampli & Bodenheimer 1982; Vazan & Helled 2012) . Additionally, opacity of the clumps is dominated by the dust grain opacity, and the latter is very poorly constrained due to grain growth, fragmentation and sedimentation, all occurring at the same time (Helled & Bodenheimer 2011 , found that their clumps could even behave in a cyclic manner due to grain growth, sedimentation, vaporization and then increased convection mixing grains back up).
What is well known, however, is that after a period of an initially rapid radiative cooling, isolated clumps become convective, so that their structure is well approximated by that of a polytropic sphere Helled & Schubert 2008) . Therefore, we approximate the clump's initial condition as a polytropic gas sphere (clump) of a given total mass and central temperature, T c (see below for other clump parameter values). T c and the mass of the clump are free parameters of our model. The grains are initially assumed to be uniformly mixed with gas, i.e. at time t = 0, ρ g (R) = f g ρ(R), where ρ g (R) is the volume-average grain mass density for a given grain species, ρ(R) is the gas mass density at radius R inside the gas clump, and f g is the grain mass fraction of the given species. For simplicity, grains have a uniform initial size a 0 everywhere in the cloud.
The choice of gas clump masses below is motivated by the recent results of Nayakshin & Cha (2013) who find that clumps more massive than ∼5-10 Jupiter masses appear to accrete gas from its surrounding cold outer disc too rapidly, and quickly move into the massive brown dwarf regime. Lower mass clumps do not accrete gas and instead migrate inward rapidly. While the exact nature of dust opacity inside the clumps is model-dependent (e.g. Helled & Bodenheimer 2011), simulations generally agree that an isolated gas clump of an ∼ a few Jupiter masses reaches the central temperature of ∼5-15 hundred K in ∼10 4 to ∼10 5 yr Helled & Schubert 2008; Nayakshin 2010b ). These time-scale are comparable to the planet migration time-scales (Nayakshin 2010a; Baruteau et al. 2011) for the clump to migrate from its birth place at the outer cold disc to ∼1 au. Thus we expect our gas fragments to have central temperatures of order 1000 K, and the clumps to be no older than the migration times cited just above.
R E S U LT S
Due to radiative cooling, the clump contracts and heats up with time. Here we do not model the first ∼10 4 yr of the clump evolution, assuming that grains are too small during that period to sediment significantly (the grain growth and sedimentation time-scales are a few thousand years at least; see Boss 1998; Nayakshin 2010a, b) . We start the simulations when the clumps are already somewhat evolved and the large grains are in cm-size range. For these reasons, during the simulations presented below, the gaseous component of the clumps evolves little -in contrast to the grains. Therefore, we do not present below the insignificant evolution of the gaseous component of the clump (this has also been shown previously in Nayakshin 2010b, 2011a), focusing instead on the properties of the evolving dust grains.
Weak silicates
Here we model a gas fragment of mass 1 M J , and set the initial central temperature to T c = 700 K. This results in the clump's radius ≈0.2 au and the central density ρ(R = 0) ≈ 1.5 × 10 −7 g cm −3 . For the reasons explained in the Introduction and Section 2.6.2, we set the silicate strength parameter to our 'weak' value, This simulation produces a small nearly pure Fe planet. The mass of the Fe core is M c = 0.07 M ⊕ at the end of the simulation. The core, however, continues to grow and could potentially see all the Fe grains in the clump to sediment down into the core, which would yield a M c ≈ 0.11 M ⊕ pure Fe planet (the silicates would then start sedimenting on to the core, as argued earlier). If the gas clump is disrupted during the first ∼20-30 thousand years one obtains a Mercury-like planet in terms of the bulk composition.
Physically, the reason for silicates lagging behind Fe in terms of sedimentation on to the core is the destruction of weak silicate grains by Fe grains. The bottom panel of Fig. 1 shows that early on both silicates and Fe sediment, and in fact silicate grains, grow quicker since their mass abundance is significantly larger (six times with our grain abundances) than that of pure Fe grains. However, after only a few hundred years the silicate grains in the central zone are destroyed by the collisions with the Fe grains and thus growth of silicate core stops. Fig. 2 provides more detail on dynamics of the grain populations. The top panel of Fig. 2 shows the evolution of the grain density distribution inside the gas clump, ρ g (R); the bottom panel displays as a function of radial distance from the centre of the clump for iron (thin curves) and silicate (thick curves) grains for the 'weak silicates' case. The different line styles mark curves for three different times as labelled on the bottom panel. The gas density profile of the cloud, scaled down by the factor of 100 for clarity, is also shown with the dash triple dot curve in the top panel. Both grain populations start off with a uniform grain size distribution, a(t = 0) = 1 cm everywhere, but the silicate grains are quickly shattered in collisions with the iron grains. The effect is most pronounced in the centre of the cloud. evolution of the grain size, a(R), for both the iron and silicate grains. Fe and silicate are shown with the dashed and the dotted curves in the figure, respectively. The solid black curve in the top panel shows the initial gas density distribution divided by 100 for an easy comparison with the grain volume densities; this distribution evolves little compared with that of the grains during the simulation. The colours of the dotted and dashed curves in both panels mark the time of the respective models as marked next to the dotted curves in the bottom panel. The curves in the top panel are drawn for the same times as those in the bottom panel.
We observe that silicate grains are rapidly destroyed (their mean size decreases) at the centre of the cloud, except for the innermost region (cf. the dotted curve labelled t = 41 yr in the bottom panel). This is because in the centre of the cloud, sedimentation velocities for the grains are relatively small. At large radii the sedimentation velocities are larger, but the collision frequency for grain collisions is smaller (since the grain density drops). Therefore it takes longer for silicate grains to be affected by the impacts of Fe grains at the outer regions of the clump.
The top panel of Fig. 2 shows that Fe grains sediment quickly, building up first to density comparable with silicates in the central mass bin, and then exceeding it. This steady density increase of Fe grains in the central zone eventually causes the silicate grains to be shattered even in the central zones, and hence accretion of silicates on to the core stalls completely.
Note that as Fe grains rain down, the outer regions of the clump become Fe-poor, and eventually silicate grains increase in size due to grain growth. Therefore, if and when most of Fe grains sediment into the core sedimentation of silicates would restart, provided the gas cloud itself remains intact for sufficiently long. However, since terrestrial planet formation in our model must end with the gas fragment's dispersal, settling of silicate grains may be never achieved. In this scenario the silicates would be accreted by the parent star together with the fragment's gas.
Strong silicates
We now present a simulation which is nearly identical to the one presented in Section 3.1, except that here the initial central gas temperature T c = 1200 K. The corresponding clump's initial radius is ≈0.11 au and the central density is ρ(R = 0) ≈ 8 × 10 −7 g cm −3 . Note that T c = 1200 K is still too low to induce grain vaporization. As discussed in Section 2.6.2, the silicate grain strength parameter for this higher temperature environment is set to the higher value, q b = 10 5 erg/g. The higher silicate strength changes the sedimentation sequence of the materials significantly. Fig. 3 shows that the resulting solid core is now strongly dominated by the silicates, and the total mass of the core is higher, M c ∼ 0.6 M ⊕ . This breaks down on ≈0.5 M ⊕ of silicates and ≈0.1 M ⊕ of iron. Note that the grains continue to sediment at the end of the simulation (which was terminated due to numerical constrains, but the time ∼10 4 yr corresponds well to the migration time of the fragments). The mass of the core would thus be slightly higher at later times. Fig. 4 shows several radial profiles for grain densities and sizes, displayed in a way similar to Fig. 2 . Radial density profiles for both Fe and silicate grains are significantly stratified in the present simulation because both sediment rapidly. The outer region of the gas clump is grain-poor in both Fe and silicates. Silicate grains show little effect of catastrophic collisions with Fe grains. This is due to the fact that (i) silicate grain self-fragmenting collisions are weaker, so the grains are larger, and (ii) silicate grains are now more massive than Fe grains because the latter are a factor of ∼2 smaller than the former, so that the specific energy in collisions between Fe and silicate grains is far smaller.
One apparent inconsistency with this calculation may be that the hotter clump considered here must be older than the T c = 700 K clump considered earlier, since clumps evolve from colder to hotter. This would imply that the hotter fragment considered in this section would first pass through the colder phase studied in Section 3.1. If this was true then most of the iron would already be in the core by the time the hotter clump simulation starts. However, this would not change the main result of this section -the core would be still dominated by the silicates since they are much more abundant than iron.
In addition to this, the hotter clump we considered in this section could have been chosen to be more massive to begin with. As remarked earlier, the entropy of clumps at birth is probably similar to that of the first cores (Larson 1969) , which means that more massive clumps are hotter at birth (Nayakshin 2010b ). More massive clumps are also found to contract faster than their less massive cousins Helled & Schubert 2008; Nayakshin 2010b) . Therefore, a more massive gas clump could have arrived at the hotter configuration we study here more rapidly than the less massive clump we studied in Section 3.1. This more massive fragment would also pass through the cooler stage, of course, but at an earlier time when the grains in the clump may still be small, hence skipping the situation studied in Section 3.1.
To confirm that such a more massive clump would yield similar results as obtained in this section, we repeated the 'strong silicates' run, setting the initial central clump temperature to 1200 K again, but increasing the mass of the clump to 2 M J . The results are shown in Fig. 5 , and are indeed increasingly similar to that of the 1 M J clump, except for the larger budget of solids giving a more massive core. It is also pertinent to note that such a more massive clump is less dense: the initial clump radius is 0.22 au, and the central density is ∼2 × 10 −7 g cm −3 . Therefore it would be tidally disrupted farther out from the star (probably at 2-3 au).
D I S C U S S I O N
The composition of cores assembled by settling of cm-sized grains within large gaseous self-gravitating fragments was considered here. A special emphasis was placed on mechanical fragmentation properties of the grains, and it was shown that grains made of materials with higher mechanical strength could sediment the fastest. This is potentially important in the context of a new planet formation scheme Nayakshin 2010a) in which planets are assembled rapidly, and where most of the natal gas clumps are destroyed in the inner few au or closer (if H 2 molecule dissociative collapse of the gas fragment occurs before it is tidally disrupted, the most likely disruption location is ∼0.1 au from the star; see Nayakshin 2011b; Nayakshin & Lodato 2012) .
The 'Tidal Downsizing' scheme starts with formation of gaseous clouds bound by their own gravity in the outer protoplanetary disc where gravitational instability of the disc is believed to be effective (R tens of au ; Gammie 2001; Rafikov 2005; Rice et al. 2005) . These self-gravitating clumps migrate inward rapidly (e.g. Baruteau et al. 2011; Michael et al. 2011; . Since the fragments are cold (molecular), grain growth and settling is occurring within them (e.g. McCrea & Williams 1965; Boss 1998) . This process can build solid cores within the clumps.
Terrestrial planets are built in this model when most or nearly all of the atmosphere is removed by stellar tides or irradiation Vazan & Helled 2012) , as first hypothesized by Kuiper (1951) . Gas giant planets result when none or just a fraction of the gas envelope is lost by the fragment (Nayakshin 2010a) , and the 'icy giants' such as Neptune and Uranus would be left if most of the gaseous envelope is unbound. 'Planetesimals' in this model are also formed within the massive gas fragments and are released in belt-like structures when the parent clumps are disrupted (which may be pertinent to formation of the asteroid and Kuiper belts in the Solar system, as well as extrasolar 'debris discs'; see Nayakshin & Cha 2012) .
Clumps of different temperature are already known to differentiate materials by vaporizing more volatile grains and hence allowing sedimentation of only the more refractive ones Helled & Schubert 2008) . The work presented here shows that there is at least one more physical effect (the physical strength of materials) that affects the chemical composition of planets surviving the proto-planetary phase. We now discuss how our results may relate to the composition of the planets of the Solar system and the exoplanets.
Terrestrial-like planets in the Solar system
Terrestrial-like planets in this model should be built by hotter solid cores, e.g. those where ices and volatile organics cannot sediment because grains containing those are vaporized before they reach the centre of the clump (e.g. Helled & Schubert 2008) . Roughly speaking, this requires that the central temperature in the gas clump is hotter than T c 400 K. Since the mass budget of silicates and Fe is only a quarter of the total grain mass in our model, this explains qualitatively why terrestrial-like planets in the Solar system are far less massive than the 'icy' giants Neptune and Uranus (assuming that the gas clumps that formed these planets had roughly same mass; an assumption first made by Kuiper 1951) .
Focusing on the interplay between the two likely dominant grain components at relatively high temperatures, T 700 K -pure iron and silicates ('rocks') -we showed that Fe grains may sediment much faster than the silicates if the latter have relatively weak mechanical strength. The silicate grains in this model remain small due to self-collisions and due to collisions with the stronger Fe grains. Silicate grains are therefore strongly bound to the gas in the fragment and do not sediment. In contrast, Fe grains are larger and hence sediment quickly. A good fraction of iron grains are locked into the solid core in the centre of the gas clump. Therefore, when the gas clump is disrupted, iron-dominated solid core remains, whereas smaller silicate grains are unbound with the gas and are later accreted by the Sun (see simulations of , for an example of this process).
The central and mean density of the clump in our 'weak silicate' calculation is ∼2 × 10 −7 g cm −3 and ∼2 × 10 −8 g cm −3 , respectively. Such a clump would be tidally disrupted at the distance of ∼1-2 au from the Sun. Mercury would then have to migrate further in to its current location in the type I migration regime (cf. Paardekooper et al. 2010) . Alternatively, the clump could have been denser (it would then have had to be somewhat less massive, e.g. ∼0.5 M J , at the same central temperature). In this case the clump could be tidally disrupted at the present Mercury's location. In this case no type I post-disruption migration would be required.
This model may address the puzzling Fe-rich bulk composition of Mercury coupled with an unexpected presence of moderately volatile element K (Peplowski et al. 2011; Smith et al. 2012) . The central temperature of our weak silicate model varied very little from the initial Tc = 700 K to Tc = 738 K at the end of our simulation. This temperature is low enough to allow some potassium (dissolved in KAlSi 3 O 8 , see table 8 in Lodders 2003) to sediment down, since its condensation temperature is ∼1000 K. Furthermore, TD model stipulates that gas fragments migrate inward due to torques from the gaseous disc -the Solar Nebula. In our model the Nebula is present for a few more Million years when the gas fragment containing Mercury is disrupted. Some volatiles from the disc can then be accreted on to the surface of the planet when the latter cools sufficiently.
Silicate-rich planets such as Earth and Venus can be assembled in our model if either the silicates are 'strong' (see Section 3.2) or most of Fe grains have already rained down into the core so that the silicates are no longer influenced by the iron grains. The first of these cases may take place if the temperature of the gas clump is higher, e.g. T 1000 K, so that silicate grains are sintered due to the surrounding heat (e.g. Setoh et al. 2007 ). Such sintered grains are indeed much stronger than un-sintered more loosely bound dust agglomerates (Deckers & Teiser 2013) . In this scenario, Earth and Venus accreted at higher temperature than Mercury, which may appear paradoxical in the standard scenario such as CA, where gas temperature drops uniformly with radius from the Sun. However, the temperature of the self-gravitating gas clumps in our model is controlled by the compressional heat liberated by the clump as it cools (Nayakshin 2010b) , rather than the distance of the clump to the star. We note in passing that this feature of the model was already exploited by Vorobyov (2011 ), Nayakshin, Cha & Bridges (2011 ), Bridges et al. (2012 to address the high temperature crystalline silicates found in comets. In TD model these materials may have formed in situ in the Outer Solar system, inside the hot gaseous clumps destroyed there.
The second possibility for forming silicate-rich planets in TD arises when most of large iron grains sedimented down, so that they no longer disrupt silicate grains even if the latter are weaker. While not presenting here such a simulation we note that we have indeed observed such outcomes in some of the runs. In this scenario the gas clumps that hatched Earth and Venus would have survived for longer before the tidal disruption step, which does not appear implausible to us.
Icy Solar system planets
We make several comments on the importance of understanding the outer Solar system giant planets compositions for testing the TD model. As already discussed by Helled & Schubert (2008) , volatiles and ices will not condense out in a gas clump that is too hot, e.g. T 200 K for water ice and T 400 K for CHON grains. Therefore, the substantial cores of these planets, e.g. M c ∼ 11-13 M ⊕ , must be made of more refractory elements. This by itself is allowed due to the current observational and modelling uncertainties of these planets, so that the name 'icy' giants for Uranus and Neptune is at present based more on belief than facts (Helled, Anderson & Schubert 2010; Podolak & Helled 2012) . However, making such massive cores of rocks and iron is not trivial in the TD model. The total available budget of refractories for a solar composition gas clump of 5 M J , for example, can be estimated at ∼8-10 M ⊕ . Therefore, either a complete sedimentation of all refractories in a more massive clump, e.g. M 7 M J , is required, or the gas clump must have been strongly metal enriched by accretion of grains from the surrounding disc Boley et al. 2011) .
Future more detailed composition data and models for Uranus and Neptune, put against more detailed modelling in the context of TD, may present a key test of whether TD alone can explain such planets. If not, the alternatives would be either the CA theory or a combination of a less massive core formation via the TD scheme and then addition of solids to it by accretion of planetesimals (Podolak et al. 1988; Boley et al. 2011 ).
Exoplanets
Radial Velocity method together with stellar eclipse observations and transient timing variations provide us with data on masses and densities of close-in exoplanets, but not their chemical composition. There is apparently a broad range of planet densities at same planetary mass (see fig. 9 in Lissauer et al. 2013) . However, at least some of the planets have very high densities consistent with Earth/Venus composition (e.g. Kepler36b). Rappaport et al. (2013) show that Roche limit constraints the mass and density of planet KOI 1843.03 to M p ∼ 0.5 M ⊕ and ρ p ∼ 7 g cm −3 , respectively, requiring an iron-rich composition with silicates mass fraction not exceeding ∼30 per cent. The model proposed here for the composition of Mercury could also apply to KOI 1843.03 if the planet migrated via type I regime from the tidal disruption location to its very tight orbit.
Furthermore, Wagner et al. (2012) model the internal structure of close-in exoplanets CoRoT-7b and Kepler-10b, and find that these planets must have dominant iron cores (from 1/3 to 2/3 of the total planet's mass). This translates into the total of ∼5 M ⊕ and ∼2 M ⊕ of iron for CoRoT-7b and Kepler-10b, respectively. For comparison, the total mass budget of iron for solar composition gas (Asplund et al. 2009 ) is ∼0.5 M ⊕ per Jupiter mass of gas.
Making these planets therefore requires either (i) quite massive ∼5-10 M J gas clumps, which at the moment appear at the borderline of what the outer disc can supply (higher mass clumps accrete gas from the disc too quickly, and thus become brown dwarfs before they can migrate in; Nayakshin & Cha 2013); or (ii) an over-abundance of Fe as discussed above for Uranus and Neptune.
Finally, lower mass exoplanets such as those found in the tightly packed Kepler-11 planetary system (Lissauer et al. 2013 ) must contain non-negligible atmospheres composed of H/He and/or volatiles. We did not study such planets here.
C O N C L U S I O N S
We proposed a new explanation for the origin of the unusually high iron content of the planet Mercury in the context of a 'new' planet formation theory. In our model Fe grains sediment before silicate grains because their mechanical strength is higher, so that their sedimentation velocity is far higher. Most of the silicates remain in the form of small grains that do not sediment rapidly, whereas a fraction of Fe grains is locked into a high-density core. When the gas clump is disrupted, only the iron-dominated core survives intact. The gas and the silicate grains with it are unbound and are accreted by the Sun. We also proposed that other terrestrial planets of the Solar system could have been accreted inside higher temperature gas clumps, which would strengthen the silicate grains by sintering, and/or longer-lived clumps where most iron grains sedimented and thus allowed silicate grain sedimentation on top of the iron core. Finally, we noted that outer giant planets of the Solar system, Uranus and Neptune, and the high-density exoplanets CoRoT-7b, Kepler10b, Kepler-36b may require either very massive gas clumps M c 10 M J or strong metal enrichment from the surrounding disc Boley et al. 2011) if TD for planet formation is to explain these objects.
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